Chrysanthemums are sensitive to waterlogging stress, and the development of screening methods for tolerant germplasms or genes and the breeding of tolerant new varieties are of great importance in chrysanthemum breeding. To understand the genetic basis of waterlogging tolerance (WT) in chrysanthemums, we performed a genome-wide association study (GWAS) using 92,811 single nucleotide polymorphisms (SNPs) in a panel of 88 chrysanthemum accessions, including 64 spray cut and 24 disbud chrysanthemums. The results showed that the average MFVW (membership function value of waterlogging) of the disbud type (0.65) was significantly higher than that of the spray type (0.55) at P < 0.05, and the MFVW of the Asian accessions (0.65) was significantly higher than that of the European accessions (0.48) at P < 0.01. The GWAS performed using the general linear model (GLM) and mixed linear model (MLM) identified 137 and 14 SNP loci related to WT, respectively, and 11 associations were commonly predicted. By calculating the phenotypic effect values for 11 common SNP loci, six highly favorable SNP alleles that explained 12.85 -21.85% of the phenotypic variations were identified. Furthermore, the dosage-pyramiding effects of the favorable alleles and the significant linear correlations between the numbers of highly favorable alleles and phenotypic values were identified (r 2 = 0.45; P < 0.01). A major SNP locus (Marker6619-75) was converted into a derived cleaved amplified polymorphic sequence (dCAPS) marker that cosegregated with WT with an average efficiency of 78.9%. Finally, four putative candidate genes in the WT were identified via quantitative real-time PCR (qRT-PCR). The results presented in this study provide insights for further research on WT mechanisms and the application of molecular marker-assisted selection (MAS) in chrysanthemum WT breeding programs.
Introduction
The chrysanthemum (Chrysanthemum morifolium Ramat.) is the second-most important ornamental species in the world, and it accounts for a large proportion of the total commercial production of these plants 1 . Cut chrysanthemums can be divided into the following two types depending on the flower diameter: spray cut type and disbud-cut type. The disbud type bears a large flower of greater than 6 cm and a single flower per stem, and the spray type bears several small flowers of less than 6 cm per stem.
Waterlogging stress is a common constraint in the chrysanthemum industry around the world, particularly in the southern production regions of China 2 . Screening for tolerant germplasms or genes and developing waterlogging-tolerant chrysanthemum cultivars are efficient solutions to this challenge. To genetically improve crops for waterlogging tolerance (WT), the possible mechanisms underlying water stress and the genetic variations associated with WT within a species must be investigated. Previous studies have revealed considerable variations in WT traits in maize 3 , soybeans 4 , barley 5 , and dry beans 6 . Recently, we evaluated the WT of 100 chrysanthemum germplasm resources through two greenhouse experiments and one field experiment, and we screened out 7 accessions that exhibited high WT 7 . However, the traditional screen is gruelling and timeconsuming work, and it is also readily affected by environmental factors. Therefore, the breeding of tolerant varieties tends to focus on identifying and exploiting molecular markers that are closely linked to the genes that control the WT trait.
Single nucleotide polymorphisms (SNPs) are defined as single-base changes at a specific nucleotide position, and they are widely distributed throughout genomes in both the coding and noncoding regions of all organisms 8 . SNP markers belong to the third generation of DNA molecular marker technology and have several advantages, including abundance, stability, high-throughput genotyping, and relatively low mutation rates. A large number of SNPs can be identified within a species via high-throughput next generation sequencing (NGS) technologies, such as restriction-site-associated DNA sequencing (RAD-seq) 9 , genotyping-by-sequencing (GBS) 10 , specific-locus amplified fragment sequencing (SLAF-seq) 11 , and double digest RAD-seq 12 . Thus, SNP markers have been widely used in genetic diversity assessments, molecular evolution studies, and genetic mapping for traits of interest in crop species 13 .
In recent years, genome-wide association studies (GWASs) based on linkage disequilibrium have been shown to represent a powerful tool for detecting important QTLs or genes underlying complex traits in the sequenced genomes of rice 14 , Arabidopsis thaliana 15 , and maize 16 and the unsequenced genomes of wheat 17 and roses 18 . In chrysanthemums, GWASs have been used to identify favorable alleles and to explore the pattern of inheritance for a number of horticultural and WT traits based on gel-based markers 7, 19, 20 . However, the low marker density exhibited in the traditional molecular marker system limits the detection power of GWASs. Recently, Chong et al. 21 first attempted to assess the genetic diversity and evolutionary relationships and conducted a GWAS analysis for a set of 199 accessions using > 90,000 SNPs amplified via SLAF-seq, which provides a more efficient method for high-density, sequence-based, and genome-wide polymorphism screening in the chrysanthemum population.
However, SNP assays require expensive equipment or reagents, which has limited the application of SNPs. SNPs can be employed through conversion to other available markers, including single-strand conformation polymorphisms (SSCPs) 22 , high resolution melting (HRM) 23 , allele-specific PCR (ASP) 24 , nucleotide-amplified polymorphisms (SNAPs) 25 , competitive allele-specific PCR (KASP) 26 , and cleaved amplified polymorphic sequences (CAPSs) or derived CAPSs (dCAPSs). Among these options, the CAPS and dCAPS methods have been demonstrated as superior techniques for SNP detection because of their simplicity, efficiency, and economy 25 . The CAPS/dCAPS method, which is also known as the PCR-RFLP marker, is a technique that combines PCR and restriction enzyme digestion to detect restriction fragment length polymorphisms (RFLPs). In detail, CAPSs are based on restriction enzyme site polymorphisms that are detected after the amplification of a locus by PCR. When these restriction sites are not available within the SNP locus, restriction sites can be created during PCR amplification by using primer design to introduce one or more mismatches adjacent to the SNPs of interest, thus creating a synthetic restriction site in the amplified product allele; this method is called dCAPS 27 . For both methods, the PCR products are then subjected to restriction enzyme digestion, and the presence or absence of the SNP is determined by the resulting restriction pattern that is resolved on an agarose or polyacrylamide gel. To date, successfully developed CAPS or dCAPS markers have been linked to different traits in various crops, such as a waxy character in wheat 28 , yellow leaf curl disease resistance in tomatoes 29 , eating quality in rice 25 , head smut resistance in maize 30 , and fiber quality traits in cotton 31 . However, the use of CAPS/dCAPS markers in chrysanthemums has not been reported.
In the present study, a GWAS for the WT of chrysanthemums was performed using an association panel with 88 chrysanthemum accessions, which were genotyped by SLAF-seq 21 . The objectives of this study were to (1) detect SNP loci associated with WT chrysanthemums, (2) mine favorable alleles underlying the WT and assess their pyramiding effects, (3) develop dCAPS markers that cosegregated with WT, and (4) identify potential candidate genes for WT. The results of this study will provide insights into the genetic determination of WT and benefit marker-assisted selection in chrysanthemum breeding.
Materials and methods

Plant materials
A total of 88 representative chrysanthemum accessions were used in the present study, including 30 entries developed in Europe, 17 in China, 23 in Japan, 2 in South Korea, and 16 entries of unknown provenance (Supplementary Table S1 ). Because of the limited number of accessions contained in one geographic origin group, all the accessions developed in China, Japan, and South Korea are categorized as being of Asian origin. In our previous study, the panel was included in a larger collection for the association mapping of certain horticultural characteristics and WT traits based on 707 molecular markers (371 SRAPs, 49 SCoTs, and 287 SSRs) 7, 20 . All the materials were maintained at the Chrysanthemum Germplasm Resource Preserving Centre of Nanjing Agricultural University, China.
Phenotypic evaluation of WT
The WT of the GWAS panel was evaluated using three pot experiments under greenhouse conditions (EXP.1, EXP.2, and EXP.3). The data for EXP.1 and EXP.2 have been previously reported in Su et al. 7 . Another pot experiment (EXP.3) was performed to reduce the environmental factor influence in this study. The experimental design and WT evaluation were described in our earlier report 7 . In brief, the pot experiments followed a randomized complete block design with three replications for the waterlogging treatment and two with normal water management. Three seedlings per entry were included in each replicate. The waterlogging treatments were conducted at the 10-12-leaf stage, and each pot was filled with 3 cm of water above the soil surface. After 3 d of waterlogging stress, the wilting index (WI) was recorded based on a symptom severity scale from 1 to 5, with 1 indicating no symptoms. After 10 d of treatment, the ratio of the dead leaf area (DLR) to the chlorosis score (Score) was recorded. A membership function value of waterlogging (MFVW), which integrated these three measurements, was calculated for each entry and was employed for the subsequent GWAS analysis. The range of the MFVWs was from 0 to 1.0, and a higher MFVW was indicative of enhanced WT. For additional details on the WI, DLR, Score, and MFVW calculation criteria, please refer to Su et al. 7 . Significant correlations (P < 0.01) with r values ranging from 0.61 to 0.74 and no significant differences (P > 0.05) were observed among the three pot experiments (Supplementary Figure S1 ), and the mean values of the three experiments were used for the subsequent analysis.
SNP genotyping and population structure evaluation
The SNP genotyping of the association panel was performed using the SLAF-seq approach reported by Chong et al. 21 . The SNPs were filtered using a minor allele frequency (MAF) > 0.05 and an integrity of each SNP > 0.5. As a result, 92,811 SNPs were identified from 468,521 SNPs and were used for further analysis.
A phylogenetic tree of the chrysanthemum accessions based on the informative SNPs was constructed using the neighbor-joining algorithm 32 in MEGA5 33 . The population structure was assessed using the ADMIXTURE software package according to the minimum crossvalidation error value 34 . The kinship matrix was calculated with SPAGeDi software 35 . A principal component analysis (PCA) was performed using Cluster software 36 .
GWAS and favorable allele identification
Based on the filtered SNP data, the GWAS analysis was conducted using TASSEL v4.0 software 37 with two models, the general linear model (GLM) considering Q and the mixed linear model (MLM) considering Q and K. The mean values of the three pot experiments were used for the GWAS. The significance threshold for a trait marker association was set at P ≤ 0.001. Moreover, the P values were also adjusted using the Bonferroni threshold (P ≤ 1/ 92, 811 = 1.08E-5) to reduce false positive associations 38 . The identified SNP loci were named with the SLAF tag followed by a hyphen (-) and the position (e.g., Mar-ker6619-75). The proportion of the phenotypic variation explained (PVE) by each marker was estimated by the relevant R 2 . Because a higher MFVW is indicative of an enhanced WT, a phenotypic effect (a i ) > 0 indicates a favorable allele. The a i of the SNP loci that was simultaneously detected under two models was estimated by comparing the average phenotypic value of panel accessions harboring favorable alleles with that of accessions harboring unfavorable alleles.
Development and verification of dCAPS markers linked to the WT
Thirteen waterlogging-tolerant cultivars and thirteen waterlogging-sensitive cultivars were used to convert the SNPs into dCAPS markers and to identify the WT mechanisms. Additionally, 26 F 1 lines showing an extreme WT derived from'Nannong Xuefeng' and 'Monalisa' were used to verify the dCAPS markers (Supplementary Table S2) 39 . The genomic DNA of the above materials was extracted from young leaves using the CTAB method 40 . The DNA was diluted to a final concentration of 300 ng/µL and stored at −20°C until required. The corresponding restriction enzymes were identified using the online enzyme-cutting recognition software dCAPS Finder 2.0 27 , and the specific primers were designed using Primer Premier 5.0 software (PREMIER Biosoft International, CA, US).
The PCR reactions were conducted in a total volume of 25 µL, including 2.5 µL of 10 × Buffer (Mg 2+ plus), 2.0 µL of dNTP (2.5 mM each), 1 µL of each primer, 1 U of Taq DNA polymerase, 1 µL of template DNA, and 17.3 µL of ddH 2 O. The PCR protocol consisted of an initial denaturation at 94°C/3 min followed by 35 cycles of 94°C/30 s, 57°C/30 s, and 72°C/30 s and finally an elongation step of 72°C/7 min. The amplified PCR products were sequenced and digested at 37°C for 3 h in a final volume of 50 µL, including 5 µL of 10 × NEBuffer, 10 µL of the PCR product, 34 µL of ddH 2 O, and 1 µL of restriction endonuclease that was then heat-deactivated according to the manufacturer's instructions (New England Biolabs, NEB, USA). The digestion products were separated via 10% native polyacrylamide gel electrophoresis and visualized by silver staining.
Candidate gene annotation and verification
All the SLAF sequences that harbored one or more of the significant SNPs associated with WT were aligned with the available chrysanthemum transcriptome databases using the BlastX algorithm. The potential WT candidate genes were preliminarily identified according to the gene annotation. To verify whether the candidate genes pertained to WT, the selected genes were validated using quantitative real-time PCR (qRT-PCR). Root samples from the waterlogging-tolerant cultivar 'Nannong Xuefeng' and the waterlogging-sensitive cultivar 'Monalisa' were collected after 12 h of waterlogging stress treatment and normal watering treatment, with three plants in each group. The total RNA was extracted using a Plant RNA Extraction Kit (Aidlab Bio, Beijing, China) according to the manufacturer's protocol. The primers used for qRT-PCR amplification are listed in Supplementary Table S3 , and they were designed to avoid the conserved regions. The qRT-PCR assays were conducted with three biological replicates and three independent technical replicates for each sample using a SYBR Premix Ex Taq™ Kit according to 41 . To normalize the variance among samples, the EF1α gene was used as an endogenous control, and the gene expression level was calculated using the 2 −ΔΔCT method 42 .
Results
Population stratification
The genotype data of 92,811 high-quality SNPs were used for the population stratification. The testing accessions could be largely separated into three subpopulations according to the minimum cross-validation error value (Supplementary Figure S2a, b) , and the PCA results were essentially consistent with the population structure findings (Supplementary Figure S2c) . The phylogenetic relationships between the 88 entries under consideration as the subpopulation, cultivated types, geographic origins, and WT grades are illustrated in Fig. 1 . Clearly, the phylogenetic tree assessed the panel into two branches, with one branch including all the entries from subpopulation 1 (Q1) and the other branch including all the entries for subpopulation 2 (Q2) and subpopulation 3 (Q3), both of which had a few exceptions. The spray and disbud-cut chrysanthemum cultivars in the panel could also be clearly separated according to the cultivated type via phylogenetic analysis, i.e., 39 (97.5%) spray cut chrysanthemum accessions were included in Q1 and 79.2% of the disbud cut chrysanthemum accessions were included in Q2. Most of these chrysanthemum accessions from each subpopulation had mixed provenances, with 26 (81.3%) entries of known origin included in Q1 originating from Europe and 33 (91.7%) entries of known origin included in Q2 originating from Asia (Supplementary Figure S3 ). The results indicated that these accessions might have experienced introgression or gene flow during breeding.
WT performance
The phenotypic data on the WT across the three experiments for the panel are summarized in Supplementary Figure S1 and Supplementary Table S1 . Obvious clusters were not observed based on five WT grades ( Fig. 1 ). However, significant differences in the MFVWs were observed among the subpopulations, cultivated 
GWAS and the mining of highly favorable SNP alleles
In total, 137 SNPs were identified as being significantly associated with the WT based on the GLM at a threshold of P ≤ 1E-3, and they explained 9.39-21.76% of the phenotypic variance; 14 associations were detected based on the MLM at the same threshold value, and they explained 12.68-23.60% of the phenotypic variance. Among these associations, 11 SNPs were found in both models ( Table 2 ). All the SNPs associated with the WT are summarized in Supplementary Table S4 . The P-value of a specific association detected via the GLM was generally smaller than that under the MLM. In particular, one SNP, Marker6619-75, exhibited the minimum P-value under both models and could explain the maximum PVE (20.67%) in the GLM and 16.90% of the PVE in the MLM. The marker was also the only association that remained significant after applying the Bonferroni correction (P ≤ 1.08E-5). A summary of the favorable SNP alleles is shown in Table 2 and Fig. 2 . The phenotypic effects (a i ) of the eleven SNPs that were consistently associated with WT ranged from 0.04 to 0.33, and all the a i values reached the P < 0.05 or P < 0.01 significance level except for Mar-ker6288-117, Marker9771-143, and Marker6288-36. The alleles Marker6619-75 and Marker 5022-204 expressed the greatest a i values, and both could increase the WT by 33.0%.
Pyramiding effects of highly favorable SNP alleles
To determine whether the WT-favorable SNP alleles had pyramiding effects, the following six SNP loci exhibiting significant phenotypic effects (a i values of greater than 0.25), Marker6619-75, Marker18364-144, Mar-ker12711-95, Marker3678-87, Marker99922-41, and Marker5022-204, were selected for further analysis, and the favorable alleles of these loci were C, A, A, T, G, and C, respectively ( Table 2 ). Based on the genotype data, the 88 accessions were grouped into seven classes that contained 0-6 highly favorable alleles, and the mean MFVW values of the different groups were analyzed by ANOVA ( Table 3 ). The results indicated that the more favorable the alleles were, the higher the MFVW values (with more resistance to waterlogging), with the exception being that the MFVW of accessions harboring 5 favorable alleles (0.89) was slightly higher than that with 6 favorable alleles (0.88). This phenomenon may be explained by the lack of a sufficient number of individuals in the panel to Additionally, the accessions that held three favorable alleles accounted for a large proportion of the whole panel; however, the proportion of higher MFVWs was larger than that of lower MFVW values. The accessions holding less than one favorable allele were not found among the chrysanthemum varieties with MFVWs > 0.40, whereas the accessions holding more than three favorable alleles primarily or completely presented MFVWs > 0.81 (Fig. 3a) . Furthermore, to assess the pyramiding effects of the highly favorable SNP alleles on the WT, a linear regression analysis was conducted between the number of favorable alleles and the average MFVWs. As a result, a significant positive correlation was observed using the equation y = 0.1135 × + 0.2684 (R 2 = 0.45, P < 0.01; Fig. 3b ), which confirms the existence of pyramiding effects in the favorable alleles. All the above results revealed that the genetic control of WT exhibits a largely additive effect in chrysanthemums.
Development and verification of the dCAPS marker
Because the SNP locus Marker6619-75 showed a relatively strong association with WT and it had the largest phenotypic effect, it was selected to develop a PCR-based marker for MAS breeding. To develop specific CAPS/dCAPS markers, we introduced a 0-1 mismatch into the forward or reverse primer, and only the commonly used restriction enzymes were considered to design the primers in this study. As a result, a dCAPS marker based on the restriction enzyme Nhe I was developed (and termed WT-dCAPS1). The detailed primer designation and sequence information for SLAF tag Marker6619 are shown in Supplementary Table S5 and Supplementary Figure S4 . To assess the consistency rate of the WT-dCAPS1, this marker was successively employed in a variety population and an F 1 population derived from the tolerant cultivar Nannong Xuefeng and the sensitive cultivar Monalisa, with each containing 13 waterlogging-tolerant lines and 13 waterloggingsensitive lines ( Supplementary Table S2 ). A single target fragment of 170 bp was obtained via polyacrylamide gel electrophoresis from the PCR products of all the materials, which indicated that the designed primer was specific and suitable (Fig. 4a, c) . For the digestion products, two different types of banding appeared for all the materials, and they showed clear polymorphisms between the tolerant and susceptible plants. Eleven (84.6%) tolerant lines generated a single undigested 170 bp band, whereas 9 (69.2%) susceptible lines generated two bands of 170 bp and 149 bp and an undetectable 21 bp fragment in the variety population (Fig. 4b ).
Nannong Xuefeng (Lane 1) and Monalisa (Lane 14) showed different band types as expected, and we also observed a similar result when we verified the WT-dCAPS1 in 26 F 1 progenies, for 10 (76.9%) tolerant lines that generated a single undigested 170 bp band, whereas 11 (84.6%) susceptible lines showed two bands of 170 bp and 149 bp (Fig. 4d ). The result of the restriction endonuclease digestion was in accordance with that anticipated according to the favorable allele and the recognition site. Thus, the estimated consistency rates of the WT-dCAPS1 were 76.9% and 80.8% in the variety and F 1 populations, respectively, with an average of 78.9%. Moreover, significant correlations at r = 0.61 and 0.57 in the variety and F 1 populations, respectively, were detected between the genotype and phenotype for WT-dCAPS1 (P < 0.01; Supplementary Table S2 ), which may be related to the contribution of these inconsistent cases to both the complex background of chrysanthemums and the complex inheritance of the WT trait. Nevertheless, the newly developed dCAPS marker represented a positive attempt to exploit a codominant molecular marker that cosegregated with WT in chrysanthemum.
Prediction of candidate genes
All SLAF sequences harboring one or more of the 140 SNPs detected under the GLM or MLM models were aligned with the available chrysanthemum transcriptome databases, and only four candidate genes were implicated for their involvement in abiotic stress responses according to the gene annotation ( Table 4 ). The SLAF tag Mar-ker384075 lay within a gene (CL5639.Contig3_All) encoding betaine aldehyde dehydrogenase (BADH). Three identified SLAF sequences lay within genes (Unigene6108_All, Uni-gene33415_All, and Unigene21682_All) encoding three protein kinases, namely APK1B (Arabidopsis protein kinase 1), SnRK2.6 (SNF1-related protein kinase 2), and BAM1, respectively. The primer design failed for Unigene33415_All as annotated to SnRK2.6 because of the short sequence. The SLAF tag Marker6619 lay within a gene homologous to Cynara cardunculus var. scolymus (CL17968.Contig2_All) that encodes the hypothetical protein Ccrd_010998; however, little is known about its function in plants. Because of the importance of SNP locus Marker6619-75, all four selected candidate genes along with CL17968.Contig2_All were preliminarily verified using qRT-PCR, and the relative expression levels are demonstrated in Supplementary Figure S5 . The candidate genes showed different degrees of responses to waterlogging stress in the two cultivars with contrasting WT. Notably, the expression of Unigene6108_All in the susceptible 'Monalisa' cultivar showed a significant increase after exposure to waterlogging stress (70.15%), while no significant increase was found in the tolerant cultivar 'Nannong Xuefeng' (14.40%). The expression of Unigene21682 decreased in the tolerant variety 'Nannong Xuefeng' (51.93%), whereas it increased in the susceptible variety 'Monalisa' (45.60%). In addition, a similarly decreased expression was found for CL5639.
Contig3_All and CL17968.Contig2_All but did not reach statistical significance.
Discussion
The cultivated chrysanthemum is an allohexaploid species with a large and complex genetic background. A lack of genomic information delays the performance of chrysanthemum molecular genetic analyses and breeding, First four candidate genes have been reported to be related to abiotic stress; the function of CL17968.Contig2_All, which was also selected to be verified via qRT-PCR, is unknown particularly genetic mapping. To date, AFLP, RAPD, ISSR, SRAP, and SSR have been the most commonly used molecular markers in chrysanthemums 20, 39, [43] [44] [45] . However, with the emergence and application of highthroughput NGS technologies, a large number of SNPs have been detected in chrysanthemums and have been made available for further research and breeding 21, 46, 47 .
GWAS is a useful tool for identifying the genetic loci and candidate genes responsible for the natural variations in a targeted quantitative trait. The power to detect associated loci for a target trait via GWAS typically relies on the marker density, population size, target trait, phenotypic evaluation, and statistical method 48 . Previously, we performed WT association mapping using 707 markers based on SRAP, SCoT, and SSR, and we detected 31 markers related to the WT under the MLM + Q model at a threshold of P < 0.01 7 . In the present study, however, a considerable number of SNPs (92,811) were used, and more than 700 loci were identified using the same model and threshold value (data not shown). Long and Langley (1999) showed that increases in the population size have a greater impact on the power of QTL detection than increases in the marker density 49 . Zhu et al. 50 also indicated that using a larger population would facilitate the exploration of smaller-effect QTLs. Population sizes ranging from 100 to 300 have been frequently documented in GWAS [51] [52] [53] ; however, this selection also depends on many factors, including the plant species, estimated cost, analysis platform, and objective traits. A large population is not always practicable for GWASs, especially for certain tolerance traits, which often require complicated treatments and the simultaneous measurements of all the lines to obtain accurate phenotypic data. In our study, although an association population with only 88 accessions was not large enough, a moderately large phenotypic variation coefficient (30.74%) was calculated for the MFVW (Supplementary Figure S1) , and a low level of relatedness was observed in the population, with kinship values ranging from 0 to 0.447 (with a mean of 0.011) and~93.94% of the comparisons presenting a coefficient of <0.05 (Supplementary Figure S2d ). All the above points supported the success of the association genetic approach used in this study. In addition, several GWAS have been successfully conducted using a small population containing less than 100 entries. For example, Zhang et al. identified 16 SNP loci and eight candidate genes that were significantly associated with drought tolerance by performing a GWAS in a panel of 66 canola accessions 54 . Schulz et al. conducted a GWAS focusing on the anthocyanin and carotenoid contents of petals from 96 diverse rose genotypes 18 .
Repeating experiments during different years or in different places is critical for GWASs, especially for certain complex quantitative traits that are controlled by multiple genes and environmental factors, such as the WT. The stable associations for target traits are more useful in breeding programs with broad adaptability to different environments. Our previous study found that the MFVWs derived from field data were generally lower than those derived from greenhousebased data, and the two greenhouse experiments exhibited a closer correlation 7 . Hence, another greenhouse pot experiment was repeated in this study. Because the three pot experiments showed strong correlations, with r values ranging from 0.61 to 0.74, and no significant environment effect was observed, the average MFVWs of the three trials were used for the GWAS analysis (Supplementary Figure S1) . The statistical method is also a determinant that affects the power of the GWAS. The MLM statistical model is more stringent than the GLM model and allows for a large reduction in spurious associations by simultaneously estimating the population structure and the unequal relatedness among individuals. Thus, the MLM model has been popular for use in plant GWASs. In the present study, 137 and 14 SNPs were identified as being significantly associated with WT based on the GLM and MLM models, respectively (P ≤ 1E-3). Among these SNPs, 11 were found in both models, which validates the efficiency of GWASs when using an MLM model based on abundant SNP markers compared with gel-based markers. Of particular interest, the SNP locus Marker6619-75 exhibited the minimum P-value under both models and presented a comparatively large PVE of 20.67% in the GLM and 16.90% in the MLM. Thus, this locus was selected as an example for developing a PCR marker to assist in breeding.
Associations with higher phenotypic effects for target traits are usually more useful in breeding programs. The favorable alleles and unfavorable alleles are easily determined without considering the heterozygous SNPs in certain species with simple genetic backgrounds 6,55 . Wu et al. set the heterozygous SNP to missing and only used the homozygous SNPs for a GWAS study in Brassica napus 56 . The chrysanthemum is a highly heterozygous ornamental species with a complex background, and the heterozygous loci are too common to be neglected. A locus was considered to be in a heterozygous state if the depth of the minor allele was larger than one-third of the total sample depth during SNP calling 21 . The 11 significant SNP loci associated with WT were all heterozygous, and the average MFVW of entries harboring heterozygous alleles was closer to or even lower than the entries harboring unfavorable homozygous alleles for all the associations except for Marker9771-143 (Supplementary Table S7 ). For example, the average MFVW of accessions with favorable alleles, heterozygous alleles, and unfavorable alleles at Marker99922-41 were 0.81, 0.60, and 0.55, respectively; and the average MFVW of accessions with heterozygous alleles at Marker18364-144 was 0.41, which is significantly lower than that of the accessions with unfavorable homozygous accessions (0.60; P < 0.05). As a result, SNP alleles with higher MFVWs that increase the WT were defined as "favorable alleles", whereas SNP alleles with lower MFVWs, including heterozygous sites, were defined as "unfavorable alleles" in our study. This classification may enlarge the phenotypic effect (a i ) of the favorable alleles for WT.
To date, the effectiveness of marker-based gene pyramiding strategies has been demonstrated in several studies, such as studies on the early maturity and lint percentage traits in upland cotton 55, 57 , stigma traits in rice 52 , and clubroot resistance in rapeseed 58 . In our study, six elite alleles that could significantly improve the WT by 25% were mined from the 11 associated loci. Among these alleles, 54.39% were carried by accessions collected from Asia, which presented~3.1 alleles on average, per entry; 26.36% were carried by accessions from Europe, which presented~2.1 alleles on average, per entry; and the remaining 20.50% were carried by accessions of unknown provenance. These results suggested that during the chrysanthemum evolution process from Asia to Europe, changes in certain SNP alleles likely resulted in changes in the WT traits. For example, all the unfavorable alleles of Marker6619-75 and Marker 5022-204 were common among the European accessions but were not found in the Asian accessions. Moreover, dosage-pyramiding effects were found in the highly favorable alleles, and the results revealed that the genetic control of WT exhibits a largely additive effect in chrysanthemums ( Fig. 3 ; Table 3) , which was also observed in our recent study 39, 59 . Finally, nine cross combinations that could potentially pyramid all six selected elite alleles are proposed, including nine waterlogging-tolerant cultivars harboring 3 to 6 favorable alleles ( Supplementary Table S6 ). Interestingly, 'Qx097' and 'Nannong Xuefeng', which are typical cultivars that possessed 5 and 6 favorable alleles, respectively, were also identified as potential donors for improving the WT in our previous study 7 . These results provide a theoretical basis for proposing a breeding strategy via the polymerization of multiple loci through crossing.
The availability of molecular markers linked specifically to the target trait can facilitate the shortening of the breeding process. Although many molecular marker loci have been identified as being associated with horticultural and tolerances traits in chrysanthemums 7, 20, 44, [60] [61] [62] , they cannot be easily applied to directly guide breeding. Zhao et al. transferred a RAPD marker linked to the gene control of the creeping habit of ground-cover chrysanthemums into a superior SCAR (sequence-characterized amplified regions) marker 63 . A simple and low-cost marker is more promising and practical, especially for the selection of early breeding work; therefore, the most prominent SNP locus Marker6619-75 was transformed into a dCAPS marker, which is codominant, locus-specific, and feasible for use in a typical molecular biology laboratory. The WT-dCAPS1 was coassociated with WT at an average efficiency of 78.9%, which is lower than the values reported in other traits and crops 30, 64, 65 . The inconsistent conditions may be caused by the complexity of the chrysanthemum's genetic background and WT. Nevertheless, to our knowledge, this study presents the first report of a dCAPS marker linked to WT in plants, and the developed marker validates the method for screening for tolerant germplasm resources and provides a powerful MAS tool. Developing additional dCAPS markers linked to WT and validating them in a larger population are necessary in further studies.
Finally, four candidate genes that encode BADH and the three protein kinases SnRK2, APK1B, and BAM1, as well as one gene with unknown function were predicted via an alignment with the transcriptome library. Plants can activate their signal transduction system when adverse environmental stress occurs. Plant signal transduction can perceive and transduce different stress signals and activate a variety of physiological and biochemical reactions to survive. Plant protein kinases play important roles in signal transduction, growth, development, and gene expression regulation 66 . BADH is one of the two enzymes that catalyze glycine betaine synthesis in chloroplasts from choline, and several studies have reported that BADH gene-transgenic plants could enhance tolerance by accumulating glycine betaine, which is an important osmoprotectant that is widely distributed in higher plants and provides protection against various types of abiotic stress by stabilizing the quaternary structure of complex proteins 67 , thereby maintaining the osmotic potential balance with the environment 68 and stabilizing the oxygen-evolving photosystem II 67 . With respect to WT, Yan et al. observed stimulated BADH expression after 1 d of waterlogging stress but the inhibition of the BADH expression at 2 d and 4 d in wheat 69 . Similar results were obtained in cotton 70 . APK1 (Arabidopsis protein kinase 1) purified from an overproducing E. coli strain showed serine/threonine kinase activity and has been shown to be important in mediating stomatal responses to environmental stimuli, including the light intensity, atmospheric carbon dioxide concentration, and the drought hormone abscisic acid 71 . A study showed that the Arabidopsis APK1b gene is predominantly expressed in guard cells, and it has an enhanced ability to increase water use efficiency and tolerance to drought conditions 72 . The SnRK2 (SNF1-related protein kinase 2) protein kinase family is unique in plants and consists of 10 members (SnRK2.1 to −2.10) in Arabidopsis 73 . Several SnRK2s have been reported to be major kinases in osmotic stress and ABA signaling, which regulates various environmental stresses and developmental and physiological processes. SRK2E/OST1/SnRK2.6 encodes an Arabidopsis SnRK2 protein kinase and has been found to act as a positive regulator in water stress signaling and ABAinduced stomatal closure 74 . BAM1 is a plastid-targeted βamylase of Arabidopsis thaliana that is specifically activated by its reducing conditions, and it plays a role in starch degradation in guard cells to sustain stomatal opening during the day. Several studies in different plant species have indicated that BAM1 regulates a wide variety of developmental 75 and abiotic stress-related processes, particularly those relating to drought 76 , cold 77 , salt 78 , osmotic 79 , and heat stress 80 . To date, no reports have directly addressed the function of three other candidate genes in waterlogging stress. However, the regulatory networks of various abiotic stresses are fairly complex, and different types of stresses have certain cross interactions. A preliminary qRT-PCR verification experiment was performed in the present study; however, further validation with additional genotypes with contrasting WT traits and additional waterlogging stresses would be required to identify the function of these candidate genes in chrysanthemums.
Conclusions
A substantial number of SNP markers were used in a GWAS to investigate the genetic control of WT in chrysanthemums. Eleven significant associations and four candidate genes were detected for WT. The dosagepyramiding effects of the six highly favorable SNP alleles strongly suggests that the WT is largely controlled by quantitative genes with additive effects. Moreover, a major SNP locus (Marker6619-75) was converted into a dCAPS marker, which would be beneficial for future MAS for WT. The results of this study demonstrate that GWASs based on high-density SNP markers represent a powerful approach for dissecting complex WT traits and identifying candidate genes in chrysanthemums.
